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Lymphotoxin-b receptor (LTbR) signaling in lymphoid tissue organizer (LTo) cells may assist lymph node (LN)
organogenesis. In this issue of Immunity, Chai et al. (2013) demonstrate that LTo-specific LTbR ablation
doesn’t affect LN development but impairs LN fibroblastic reticular cell function.Lymph nodes (LNs) are strategically posi-
tioned throughout the entire body and
provide an environment that allows the
efficient initiation of adaptive immune re-
sponses. LN organogenesis starts in the
mouse at day 11 of embryonic develop-
ment (E11) with the formation of pro-
nounced endothelial buds from veins
that results at E12.5 in the creation of
lymph sacs separated from the blood
vasculature. While cells from the sur-
rounding tissue protrude into the lymph
sacs, forming the initial LN anlagen, endo-
thelial cells from the lymph sacs start to
sprout and thus build up the lymphatic
capillary network (Mebius, 2003).
On the basis of various gene-targeted
mice that lack some or all LNs, a generally
accepted model for LN organogenesis
has been developed. This model centers
on the reciprocal interactions of two cell
types required for unimpaired LN
development that enter the lymph sacs
shortly after they have been formed:
Lymphoid tissue inducer (LTi) cells of he-
matopoietic origin and mesenchymal
LTo cells build up a positive feedback
loop, enhancing each others’ recruitment
in the anlagen and their subsequent matu-
ration there. Pre-LTi cells develop from
CD45+KitmidIL-7Ra+CD3CD4+ progeni-
tor cells in the presence of the helix-
loop-helix protein inhibitor of DNA binding
2 (ID2). Expression of retinoic acid recep-
tor-related orphan receptor-gt (RORgt) is
required for further differentiation into
mature LTi cells expressing lymphotoxin
(LT)a1b2 (van de Pavert and Mebius,
2010).
LTo cells are CD45 and can develop
from mesenchymal preadipocyte precur-
sors that express lymphotoxin-b receptor(LTbR) and podoplanin (PDPN) but are
negative for the adhesion molecules
ICAM-1 and VCAM-1 (Be´ne´zech et al.,
2012). Evidence is accumulating that the
initial anlage formation does not rely on
LTbR signaling at all (Be´ne´zech et al.,
2010), and it has been recently suggested
that the initial instructive signals for LN an-
lage formation might derive from nerve
fibers where neurons could express
retinal dehydrogenase 2 (RALDH2; van
de Pavert et al., 2009). This enzyme con-
verts retinal into retinoic acid that has
been shown to be essential for the initial
induction of the chemokine CXCL13 in
mesenchymal cells. This chemokine then
attracts pre-LTi cells to form the LN an-
lage (van de Pavert et al., 2009).
LTbR- and receptor activation of NF-kB
ligand (RANKL)-mediated interactions
of LTi with LTo cells are thought to be
important for maturation of the mesen-
chymal cells and further LN devel-
opment. Maturation of LTo cells is illus-
trated by upregulation of various
adhesion molecules such as MAdCAM-1,
ICAM-1, and VCAM-1, as well as the che-
mokines CCL19, CCL21, and CXCL13
(Koning and Mebius, 2012). While the
induced chemokines recruit further he-
matopoietic cells into the LN anlagen,
the upregulated adhesion molecules pre-
sumably facilitate their retention (Ohl
et al., 2003). Although it has been known
for more than a decade that LTbR-defi-
cient mice are devoid of all LN (Fu¨tterer
et al., 1998) and that mice double defi-
cient for CXCR5 and CCR7, which are
the receptors for CXCL13, as well as
CCL19 and CCL21, respectively, fail to
develop most LN (Ohl et al., 2003), the
cell types that rely on LTbR-signaling forImmunitythe subsequent chemokine induction re-
mained ill defined.
The study by Chai et al. (2013) in this
issue of Immunity applies a newly gener-
ated bacterial artificial chromosome
(BAC)-transgenic mouse that expresses
the Cre recombinase under control of
the Ccl19 promoter to study the conse-
quences of LTo cell-restricted ablation of
LTbR. Ccl19-cre3R26-eyfp reporter
mice show a normal composition of LN
stromal cells with the vast majority of
Cre+ cells being indeed stromal scaffold
fibroblastic reticular cells (FRC)s that
are uniformly distributed within the retic-
ular T cell zone network in LNs but are
equally present in B and T cell areas in
Peyer’s patches in adult mice. During LN
development, Cre+ cells were amply pre-
sent in LN anlagen at E16.5 and E18.5.
Therefore, it was a surprising finding of
this study that mice with Ccl19-cre-driven
deletion of the LTbR (Ccl19-crexLtbrfl/fl),
although lacking some Peyer’s patches,
show normal fetal LN development and
that the phenotype of the stromal cell
network in neonatal LN is indistinguish-
able from that of LTbR-proficient mice.
Thus, this study suggests that LTbR
signaling in LTo cells is dispensable not
only for the formation of LN anlagen but
also for the entire prenatal period of LN
development.
It should be mentioned that Chai et al.
(2013) did not determine the onset of
Ccl19-driven Cre expression in mesen-
chymal cells in the present Immunity
study. Thus, it is currently unclear whether
the deletion of LTbR in LTo precursors at
earlier time points would affect LN organ-
ogenesis. The relevance of a develop-
mental time window of LTbR signaling in38, May 23, 2013 ª2013 Elsevier Inc. 851
Figure 1. LTbR Signaling in Mesenchymal Stromal Cells Is Required for FRC Maturation but Is Dispensable for Lymph Node Development
Upper section shows that upon retinoic acid (RA)-stimulation, mesenchymal precursor cells in the LN anlage secrete the chemokine CXCL13, which attracts
LTa1b2-expressing LTi cells from the blood. The expression of LTbR on LTo cells seems to be dispensable, while vascular endothelial cells (and others) rely
on LTbR-signaling to ensue further lymph node development. It is currently unclear which cells provide LTa1b2 during this process, but LTi cells would be po-
tential candidates.
Lower section shows that FRC differentiation in lymph nodes is a multistep process, still incompletely understood. Pre-FRCs that may evolve frommesenchymal
precursors differentiate into immature FRCs in the absence of LTbR signaling. However, the differentiation of these cells into mature immunocompetent FRCs
critically depends on the expression of this receptor. A possible origin of the immature FRC predecessors from LTo cells and the role of LTbR signaling in this
process are still vague.
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PreviewsLTo cells is supported by the partial
absence of Peyer’s patches in these
mice. Alternatively, the development of a
LN anlage could rely on LTbR signaling
from cells other than LTo. The latter idea
got fuelled by a recent study from the
same group, demonstrating the absence
of 20% to 40% of all peripheral LN in
mice with endothelial cell-restricted dele-
tion of LTbR by using vascular endothelial
cadherin-mediated targeting (Cdh5-cre
mice) (Figure 1). In these animals, Cre ac-
tivity can be detected as early as day E8
(Onder et al., 2013).
In addition to their role in LN organo-
genesis, LTo cells (or their progenitors)
are believed to give rise to distinct sub-
populations of mesenchymal stromal
cells in the adult LN including fibroblastic
reticular cells (FRCs) residing in the
T cell area. In the adult LN, FRCs serve
several functions such as the production
of interleukin-7 (IL-7), which maintains
survival and homeostasis of T cells.
FRCs are also a source of CCL19 and
CCL21, which are important not only for
T cell homing to LN but also for acceler-
ated basal T cell velocity. Furthermore,
FRCs are part of the conduit system that852 Immunity 38, May 23, 2013 ª2013 Elseviallows the rapid translocation of lymph-
derived small soluble antigen to dendritic
cells residing in the T cell area and main-
tain a scaffold that enables efficient inter-
actions of dendritic cells with T cells.
Furthermore, FRCs contribute to LN
vascularization and can directly present
antigen to maintain T cell tolerance (Kon-
ing andMebius, 2012; references therein).
The work by Chai et al. gives novel
insight in the role of LTbR signaling in
the process of FRCs differentiation. In
the adult LN, FRCs are podoplanin
(PDPN)+CD31. These cells are missing
to a large degree in Ccl19-crexLtbrfl/fl
mice, and all CD45CD31 cells show
weak PDPN expression. Sorting
PDPNCD31 (DN) cells from LN of adult
mice, the authors show that FRCs can be
directly derived from DN cells and that
LTbR signaling is required for PDPN in-
duction, as well as upregulation of inter-
cellular adhesion molecule-1 (ICAM-1)
and vascular cell adhesion molecule-1
(VCAM-1), during FRC maturation (Chai
et al., 2013). Furthermore, LN from
Ccl19-crexLtbrfl/fl show strongly reduced
levels of IL-7, CCL19, and CCL21,
whereas the expression of CXCL13, aer Inc.chemokine primarily produced by follic-
ular dendritic cells (FDCs), is not signifi-
cantly affected. In addition, in the
absence of LTbR FRC precursors main-
tain expression of several myofibroblast
markers including platelet-derived growth
factor receptor (PDGFR)-b, a molecule
that has recently been shown to define
FDC precursors. Together these data
suggest that myofibroblastic FRC precur-
sors develop in the T cell zone into mature
FRCs by LTbR-triggered signaling, while
such signals on LTo cells seem to be
dispensable for LN development per se.
(Chai et al., 2013).
Most likely as a consequence of
impaired FRC maturation LN of adult
Ccl19-crexLtbrfl/fl are smaller in size and
possess reduced numbers of high endo-
thelial venules that also show fewer
branching points. Surprisingly, the FRC
network in the T cell area is maintained,
the extra cellular matrix protein ERTR7 is
produced, and the conduit system is
functional in these mice. In addition,
data from adoptive transfers of antigen-
loaded DCs and reporter T cells indicate
that T cell priming per se is not affected
in these LN. To assess the impact of
Immunity
Previewsimpaired FRC maturation on antiviral
immunity, the authors compared sys-
temic lymphocytic choriomeningitis virus
(LCMV) as well as cerebral murine hepati-
tis virus (MHV) infection in Ccl19-
crexLtbrfl/fl and plt/plt mice, a naturally
occurring mutant that lack CCL19 and
CCL21 expression in LN. In both models,
Ccl19-crexLtbrfl/fl mice were more
severely affected than plt/plt mice by the
infection, indicating that immune effector
functions other than those mediated by
CCL19 and CCL21 contribute to impaired
antiviral immunity in LNs lacking mature
FRCs (Chai et al., 2013).
The observations by Chai et al. (2013)
give new insights to our understanding
of LTbR signaling in mesenchymal
stromal cells for LN organogenesis and
the subsequent maturation of myofibro-
blastic progenitors to mature FRCs. The
new mouse models will be helpful to
further study FRC differentiation and
address the question whether thesecells derive directly from LTo cells or
whether LTo cells and FRCs share com-
mon or distinct mesenchymal progenitors
(Figure 1). Likewise, additional studies
are needed to further characterize the
mechanisms that allow mature FRCs
to efficiently contribute to antiviral immu-
nity as immunologically active cells.
Because Ccl19-driven ablation of LTbR
has no effect on LN anlagen formation
and subsequent fetal LN development,
future experimental strategies should
focus on the identification of both the
time window and the cells that rely on
LTbR signals for unimpaired LN organo-
genesis. Such studies will help to further
uncover players that orchestrate the
organizers.
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In this issue of Immunity, Py et al. (2013) report that upon bacterial infection, a fragment of the matrix protein
cochlin is released from the conduits of B cell follicles to trigger protective cytokines in the periphery.Secondary lymphoid organs (SLOs) are
linked into the two fluid transport systems
of mammals and serve as filters where
washed-up pathogenic factors are trap-
ped and examined by immune cells.
Lymph nodes clean the interstitial fluid
by connecting to the lymphatic vessels
while the spleen services the blood circu-
lation. Although SLOs primarily serve
adaptive immunity, they also have impor-
tant innate functions. These are mainly
associated with the subcapsular sinus of
the lymph node and the marginal zone of
the spleen. Both are directly exposed to
the fluid phase with all its potentially path-
ogenic substances and endogenous sig-
nals. In these prefilters, innate cells cap-
ture particles to either directly eliminatethem or to physically carry them into the
parenchyma where they are presented
or passed on to other cells (Batista and
Harwood, 2009).
In contrast to the sinuses, where even
large particles percolate through the
wide interstitial space, the T and B zones
are largely shielded from the body fluids.
Here, only small solutes below 70 kD
have access. And even these do not
directly bathe the lymphocytes but
exclusively trickle through a highly
specialized interstitial compartment,
the conduit system (Gretz et al., 2000).
Conduits are constituted by nonhemato-
poietic cells, which form a web of deli-
cate and highly interconnected tubules.
Each tubule consists of a core of fibrillarextracellular matrix, which is enwrapped
by a basement membrane, which is
again enveloped by the stroma cells
(Gretz et al., 1997). The conduit system
is not tightly sealed and both resident
dendritic cells and B cells continuously
read out the state of lymph and blood
by sampling their content. Once filtered
through the conduits, the bulk fluid is
directly released back into the blood
circulation, establishing a fluid-shunt
between lymph and blood at the level
of the draining lymph node.
Although the functional relevance of the
conduit system is still poorly investigated,
at least three immunological functions
have been proposed: (1) Conduits deliver
soluble antigens to resident dendritic cells38, May 23, 2013 ª2013 Elsevier Inc. 853
